CHAPTER 3

FIELD AND FORCE CALCULATIONS

3.1 2-Dimensional Field Calculations

Becaime the averall geometry af the soleaid inserted in the mrting toroid magne ayatem of
the IN?Y detector in rather complicate], field calmilations were dane in thres atepa. The frst
rtep waA ta maodel the solmaoid mrrannded by the thick sted of the taraidal magne: syetem
but with the latter nnexsted. This calenlation provides A fisld map miffidently acmrate o
enable the evalustion of potential ioheraction between the soleonid and the varioe exating
detector elaments in the fringe field of the solenoid.

In thin firet calmilation the smbtem wan asmmed] axisymmetric and field salies were
ealenlated with the 2 dimensicnal finite element analmwin program ANSYS [1]. The reenlt in
shown in Fignre 2.1. In thin ealenlation, the solmaid is eedbed, but oot the toraids. The
magnetic field of the solennid an the mirface of the taraidal sbeel s np to AN Gans.

Th mexlel the aalenaidal fisld mare accuratey near and inmide the il A mixh more de-
tailed local calenlation wan required. TTaing the salntion from step one, bonndary eonditions
for A smaller region containing the ool weoe obtained and & second calenlation on A much
finer mesh (2 cm) was made of the region near the solemid ccil. The reatricked honndary
wan ramate eomgh from the Aolencid so AR oot to Aignificantly affect the ealenlation bt the
baindary eanditione were necemeATy o conatrain the new salution. The fisld walnes from this
palintion Are partiailarly valnable far sidying the homogenaty of the fisld in the hare of the
magnet, eapecially An it oelates fo fradiing ismea auch As pattern recngnition And charoed
particle momentum resalution Ap_ fp_

In & final shep, A ey fine mesh (R mm)] was need for & salution of the field near the eadl.
Thin salution was neefil in afdying the feld in cegions within the eails.

3.2 Detailed Field Calculations Near the Solenoid

The total magnetic field dirtribntion and Axisl magnetic field distribintion inside the aoleoaidal
wnlnme Are shown in Figores A1 and A2, reapectisely The fild values in these figurea are
nermalized to the cantral field walue of the salencid (2 Teela], and plathed as & percentage
af thin value. The twa field pealm near the end of the winding Are doe fo the increased
enrrent demrity caneed by the change of condnetar width. The locations where the change of

armdnetor widthe and missing firos oronr ave marked with arcows. A defiled stixdy shown
that the maximnm total magoetic fild in 2174 T at the auteide edge of the inner laper
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eanductor. Seect values of the pemulorapidity wariable 1 = —log(tend M) which in derived
from the eeathering angle # are Aleo plathed in theee figires.

A A dimenrional isnmetric pepreseota tion of the Axdal feld distribntion inaide the aolenoidal
remion iA shown in Figure A3, From thie fimire it i dearly seen that the axial field in oea-
sonably ennstant ower the majority of the solennidal walnme. Figure 3.4 shows the reverse
micle of this plat illnstrating the negative refirn Sux distribotion.

3.3 Integrated Field Uniformity

Tn mantitatively deecribe the inhomogenaty of the maznetic fidd inmide the soleaoidal
wilnme, A calenlation that defines the inhomomeoeity of the feld ar A fonetion of seattering
angle from the cemter of the maznet in made. This calmlation tale the form of An iokegral
awer the path Alrng an angzle from the center to the onil ar the ool end plane, depending en
the arzimmithal Acathering angle A:

Fnhomogmatly = M;(E'] f (8, — B,)dt

where By in the axial magnetic fidd along the path L(#), p the mdpeint of the path, 8 the
reatbering angle. and B, the field at the ceober of the solaaid [ 2 Teela).

The reent of this ealmilation as A fioetion of the angle 8 is shown in Fignee 3.5 The
integrated field errar in less than 3% in the range from 28 degrem to LBE degrees in seat-
tering angzle. There are Alizht Anetnations caneed by the mising tiroe where the conduchar
franAition jointA Are located, it thees Are nnimpartant.

3.4 ADimensional Field Calculations

A three dimenrianal field calenlation of the entire deteckor wan perfrmed by the TOSCA [4]
program uaing A L0 em orid. Fimt the field of the existing toraid eysten wan caloilated with-
et the the salencid in arder to compare the cenlia to the meamired valies from the foraids.
When the B-H curves need with the TOSCA program weee maodified to mive comisteot data
with the meamired remilitn, the aolenaidal onils were Added and the reemlts ware oompares]
a1 the twa dimensicnal ANSYS calonlation. The fhix distribmtion in the taraid steel is oot
affected greatly by the fringing field of the aolenaid. partly becanee the toroid steel in Already
atrengly maturated by the torad enils. There is howeser A amall Afect noticeable along the
teureds] mhensl mirface cansed by the soleneid.
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3.5 Decentering Forces

Thres approachm hawe heen talen to eelimate the forces hetwem the onil and the forodd
mheel; cme iR totally analytic, one in mixed (ie. partly analyhic and partly discrete] and the
third 1pm ANSYS tq estimate the axial forees. Becaime the onil in nomiorlly centered in the
wlen of the EF and CF toroids the net foree on the ool is nomina lly mera; the calenlations
in All capees predict that the radial and the axial forcea generated by small displacaments
are decentaring. Becanse the onil in muite far from the ated bath radially and axially the
fareem for rearcnable dirplacements Ave predicted to be modeat. The correeprnding minimm
stiffnems required of the cald-mam mepeosan syekem 18 likeeriee modest..

3.5.1 Analytic Approach: YIdeal Dipole®

Far the fiully anslytic appraach the salencid in meoxdeled an Ao ideal dipale and the toradd
wlen Ar pemi-infinite sheets of infinitely permeabls iren. The dipale moment of the ideal
cipnle in just the total salenaidal qirrent fimes the eooesaectional aren of the coil. and the
farem Are ganerated by thin dipale interacting with image dipole mirrared in the iron.

The net Axial foree oo An ideal dipale ceotared hetmeen semi-infinite regiooe of infinitely
permeaahle ater separated from cne ancther a distanes 2D is of coume zecn, ot if the dipale
in phifted An Amomt A off ceoter Axially it can e shown that A decetering fores aoeated by
the image dipales in the EF steel acts an the dipale:

F AR
aLﬂ_ Ax P
Henee, for the solenaid in the EF steel, the axial decentering foros, in the direction of A

(A= 2 W0~ = A x (B0R » LIF2 &
L:‘drh'. N Az » (447 [;]

Ry
= .72 Lt
m

B | g

inmerting the valum peartaining to the DY salenoid. The eald-mass mepeosion syebem most
have axial stiffneen oreater than this fto mppart the coil stably For an Axial displacement of
e.g. 25 cm, the deceatering foree in the direchion of the displacament: in B = 8.72 » W =
(10027 N = LRR 1V,
For the salenaid in the CF steal, it can be shown that the radial decmtering fores due tin
imAage dipnles mirrared in the sbedl, in the direetion of the displacement &, in:
F o op AR

Alrwan | AxIF

a3



Again innerting the value pertaining to the I3 salenaid,

F w1077 = (HA0E ].I‘F']’,E]
Alswun Ax w (1.5 'm
= L. u* [E].
m

Far a radial dirplacament of ag. 2.F em the decetering foree in the direction of the dis-
placement in 7= L1001 L™ » (02K NV =378 .

3.562 Mixed Approach: ¥Image Solenoid”

Far the "image aalenaid® analytic approach the primary salencid i mibdivided into many
enrremt loopa with each loop mibdivided into many small phi-segmented cireent elanents.
and the foroes genersted by aolennids mirrared in the CF and EF sted yoles. The filde of
the image salennide are caloilated by mibdividing them in the same fashion A8 is done for
the primary solmoid, and nhing A anbrantine which evalinates dliptical inteerals to provide
the fisldr At each Regment: of current of the mbdivided § el The soleoids Are aubdivided
into 3] axial and L0 radial aurret loope, And each loop divided into 40 phi-segments. This
lewel oof dircretization in mifficiently accnurate to poediet the ceotral fidds ta 14 %.

The image field H{r.z) at a current dement: at (r.2] of the primary salenad in A mm of
Bt 4+ B, where, mplicitly, ﬂ*[r =] = Birz-2(D-A)), and Hi(r. =) = B{rz+2({D + A)). The
faree cm the current element; ie just the weckor prodiuet of thin fidd and the cnrrent in the
alement timen ita length; the taofal foree an the salenoid is then A mm ower All the current
elements in the el

When the parameter A war set to zern the nek calenlated] forces in the transverse and
axial directicns were leen than W1—2A, indicating that the dircretizatione were adeqiate.

For & = 10l em. wa abtain

F, m B, a200N
B = 40f2keLl &

Armming linearity for amall displacementa 4. the axial deceotaing foree in the direetion of
A in predicted to ba:

m N
— = B85 x Lf[—]
.|':'-. = e ” I:'I"I"t:|

Far an axial dirplacament of ag. 25 em, in the direction of the displacement:, £ = 625 »
L? o (RN = LER V.
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Fer the radial case, the salenaid in looated beteeen ten semi-infinite sheetn of steel abowe
ansd below if, aod the forees oo the solennid are calenlates] an describedd abome. The reailtn
for A = U]l em. are:

Fy mf, = 00N
F, = HLROLx W*N

Again ammming linearity for emall digplacaments,
F

a _ﬁr
Ao BAIL = 10 [m]:
in the direction of A For A radial displacement of ag. 25 om. in the direction of the
dirplacement;, I = 8011 » L0% = (8RN = ] W
Theee remiltn are quite comparable to those obtained] foom the ideal dipale® approach.
althongh minee the ideal ealennid appraach calenlates the image filds divectly withont neing
any " dipnle appreximations” | it might e sxpected to give A maore realistie reelt.

3.53 Fully Discrete Approach: ANSYS

The axial decmtering fores han aleo heen calonlated nring ANSYS by making A 3 dimensional
axigrmmetrie madel of the eokire salencid and toroid smbems. In this mexdel the solenadd
iteelf in ghifted by 2.5 em an the 2 Axis and the resltant fores compted by mmming all the
axial farces on the salencdd. The total axial decentering foree in 1731 N (1178 metric fons,
ar AR 1b] earrespanding o 88 x U Nfm.

The eatimated foreen for the solenoid ave in general mnch rmaller than thoee for masneds
which inwalve ateel in the oear wicinity, e.g. ZE1S, whers the salenoid in placed Asymmetri-
adlly And the axial decentering foree in i Toos, ar for CDF where the axial decentering foros
in 1.& Tems fem.

3.8 Btres Calculations by ANSYS

Becaime the ftornid shesl in semete from the snlencaid there in A mibataoiial radial fisld eompe-
neof: Along the enil which inereases towrard the ends of the magnet. Thin radial feld prodnces
aignificant Axial cnmpreerive foree in the ol which inereases with ineresasing distanees from
the cail ceoter. ANSYS wan used to calenlate the eorreeponding rfveen And that from the
haop lards as well.

Provided with the appropriate germetry in A predefmes] region ANSYS first calenlates
the magnetic fild. And then the Lorentz forees cn the endl, for the problan specified. Then
ANSYS evaluates the stresses oo the eoil and mppart eflinder elementn specified in the
region. For these stresn calenlations the anter air boimdary was conefrained to 8 fioed
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patential debamined from a fll seale 3-limenmional axigrmmetric meadel of the debechar
inelnding the taraid magnetn. The meah for the eoil and mppart eylinder in this fiull scale
measdd weare not fine eomigh to determine peal streeeen on the coil. Thardfore A much finer
mesh Angd mexdel were oeated Aremnd the salenaid for strees Analmin and the remilte of this
amAller macdel are 1ee] in thin Analyws.

A mumber of Asmmptions abenit the solenoid model Are implicit in this aAnalyeie. The
maddd in 2-limensiconal and 8 asmmed to be axdsymmetric, and the middle paint of the
ralmaid and mippart exlinder (the left bonndary of the medel) i eonstrained o 2 moveammt,
of 1Ml m in the Z directicm. The wind between the ool and mppart cflinder in asnmes]
inmeparable, and the medulios of elasticty 1eed for the solmaid in 888 » WP AN/m? for the
eqmbine] strchure of the coil and mppart oplinder. Thia value comes from the CDF BAD
teet: codl [4]. The remilts of the ANSYS calenlations are shown in Figire A7 and 3.8 and
the extrema of theee curves are tAbilated in ‘Table J.1. Nate that althoigh the arigin of the
Ioads qn the enil are the condnetnm thaosd+m, the maode inenrporates the mpport eflinder
tngether with the coil Ar A manalithic stmetire.

The haap Atresees generated in the eoil Are equilibrated by strain in the mppeart eplinder
and ecl; the highest: haop strees in the condnetar i 3.8 MPa [Table 3.1). From Fignre 3.8
it i peen that the peal axial and haop stoeeses in the ooil Are at oearly the rnme Z location.
Thw we combine them nming the Yen Mises eriterion [they are the principle stresse] o
obtain an afecki e tatal strees of 279 MPa. Thin in well within the limit ret for the puee
aAlnmimim, taken to e 4418 MPa (400 pei), an shown in Figure 3.8,

3.7 Analytic Hoop Stress Analysis

When conled to 50 K, the length of the cnter mpport exlinder in reduced by AL = L o»
43 » Ur* = 11 mm due ta thermal eontraction effects. Becanse the eplinder in axially
ermAtrained anly at the enrreot lead aod (see Chapher 4], mest of thin mation appeam at:
the other end of the coil and no oew stoeeam oo the codl reemlt. Similarly the radine of the
mppark eylinder in rediuced by AR = B # 43 » LI = 28 mm during eaaldawn, and the
radial mppart systan i desigoed Ao that emall added streeses on the ooil reailt from thin
Ihiring enaldown the mppart eylinder in coaler than the eanduetor and this will eomire
that the suppart eylinder Always remAine compressively loaded aobo the eoil windings. Be-
cAnee the temperatires acperiencs] in the mppart evlinder and the eoil Alwam remain well
below LINK during & quench the mippart eylinder will not be mibject to nowanted differ-
enfial thermal eoxpaomion from the coil. Warm up of the magnet will be achiered withot
gemerating A temperatiee difference hetwreen the eoil and the sapport exlinder.
When the magnet in eocdted, the condietar winding pushea the mppart: oplinder anteeard
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with the magnetic presmire P
g2
= — N/m*= LEAWEn
B

The inereans in radine B of the mppart exlinder doe to mch an iobernal preemire in given
by

wheare E in the Yomng's madulis of aluminnm, 7.8 2 U Pa (1.1 » Lifpsi] at 42 K. And +
in the mimmes] racdial thickneee of the aoil and the mppart oplinder. With t =4 b em and B

= Rkl cm,

£ = SRF» U
AR = 1.1l3mm
g = LRTILCe

The enil winding And mppart: eylinder will eepand approximately (.26 mm in dirmeder doe
tn the mAgnetic presmie.

3.8 Displacement of Solenoid and Support Cylinder

ANESYE alan calmilaten the displacement of the mppart eplindsr and el doe o hoop and
Axin]l ntveemen. An exngoerated pictire of the displaced and imdinplaced mpercrndnetors and
mippart eplinder is shown in Figure 38, The amaunt of displacament; in the mippart elinder
and eondnuetar ae graphed in Fignrea .10 and A.11. The dirplacement; reenilta abtained from
ANEBYS are alen mummarized in Table 3.1
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TABLE 3.1: Stress and Dieplacerment of the Solenoid

Parametar Tlnits | Maximum | Minimmim

Crdl Heop Stome MPa .M Ll
Cail Axial Stremn MPa Li].4% 338
Cail Teotal Displacement: mm 11.28 .18
Snppart Crlinder Hoop Strees MPa & 3k 12
Suppart Crlinder Axial Streen MPa L. ™ 0.0
Suppart Crlinder Tatal Displacanent | mm .28k .18
Axinal Decentering N/m | ##=lr

Radial Decentering N/m | L.l=lt
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figure 3.9
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